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Abstract
Bottomonium production in heavy ion collisions is modified compared with any simple extrap-
olation from elementary collisions. This modification is most likely caused by the presence of a
deconfined system of quarks and gluons for times of several fm/c. In such a medium, bottomonium
can be destroyed, but the constituent bottom quarks will likely stay spatially correlated due to
small mean free paths in this system. With these facts in mind, we describe bottomonium forma-
tion with a coupled set of equations. A rate equation describes the destruction of Υ(1S) particles,
while a Langevin equation describes how the bottom quarks stay correlated for a sufficiently long
time so that recombination into bottomonia is possible. We show that within this approach it is
possible to understand the magnitude of Υ(1S) suppression in heavy ion collisions and the larger
suppression of the Υ(2S) state, implying that the reduction in the ratio of Υ(1S)/Υ(2S) yield in
heavy ion collision does not necessarily correspond to sequential melting picture.
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I. INTRODUCTION
Quarkonium has long been used to examine the properties of heavy ion collisions (see
Refs. [1, 2] for recent reviews). Within the context of QCD at finite temperature, the most
common description of the dynamics of quarkonium in these collisions is one where they
almost immediately melt: the potential between the heavy quarks becomes screened by the
deconfined quarks and gluons, and the heavy quarks separate from each other [3]. Some of
the earliest measurements at SPS were first interpreted as evidence for “J/ψ suppression”
[4]; this is now mostly explained by the modifications of the parton distribution functions
in colliding nuclei and the absorption cross-section for J/ψ collectively called cold nuclear
matter effects [5]. In heavy ion collisions at the Relativistic Heavy Ion Collider (RHIC)
and the Large Hadron Collider (LHC), the nuclear modification factor RAA for quarkonium
production cannot be explained by cold nuclear matter effects [2]. However, in the case
of J/ψ the modification is not consistent with instantaneous melting of charmonium states
above various temperature thresholds. Another important observation at LHC is the large
suppression of Υ(2S) and Υ(3S) states compared with the Υ(1S) state in heavy ion collisions
[6]. This is often interpreted as a signature of sequantial bottomonium melting.
The mistake in the earliest theoretical work could very well be the simple hypothesis
for the dynamics of quarkonium, where the heavy quarks, once screened, simply fly apart.
This hypothesis is not supported by any direct evidence: the finite temperature lattice QCD
calculations measured the Polyakov loop, which is related to the free energy of infinitely
heavy fundamental charges (see Refs. [7, 8] for recent calculations) but was not in any way
a simulation of quarkonium. Another hypothesis for the behavior of quarkonium at finite
temperature is inspired by the observation that charm mesons have significant elliptic flow
at RHIC [9], suggesting a strong interaction with the surrounding medium. The dynamics of
single charm quarks is a diffusive process that can be described by a relativistic generalization
of the Langevin equation [10–12]. This model explains the elliptic flow of charm mesons
when the diffusion coefficient for heavy quarks is sufficiently small. Shortly after the original
proposal of a large suppression of J/ψ particles in heavy ion collisions, it was noticed that on
the contrary, the drag which charm quarks experience might lead to an enhancement instead
[13]. A simple but powerful model for quarkonium production in heavy ion collisions can
be made from the Langevin equation, where a heavy quark and anti-quark interact with
each other according to a screened Cornell potential and interact, independently, with the
surrounding medium, experiencing both drag and rapidly decorrelating random forces [14].
This model was first shown to describe the existing data on J/ψ production at RHIC [14, 15].
and then made successful predictions of the results at the LHC [16]. One of the greatest
strengths of this model is its simplicity in implementation in event generators for heavy ion
collisions [16]: with it, heavy quarks as well as quarkonium and even exotic Bc mesons are
described simultaneously.
However, this model clearly has limitations. One serious limitation is the independence of
the interaction of the heavy quark with the medium and the interaction of the anti-quark in
the same pair with the medium. One would expect there to be significant correlation between
the interactions, especially when the pair is tightly bound and the spatial separation between
the quarks is very small. This is the situation for bottomonium in the ground state which
has a typical size that is smaller than the size of the J/ψ and excited bottomonium states.
Therefore, the tightly bound Υ(1S) should be treated differently.
The time scale of bound state formation is also very important. It is usually assumed that
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the formation of quarkonium states happens before the formation of the deconfined medium.
The time to form the bound state is typically larger than the inverse of the binding energy,
tform > 1/(mv
2), where v is the heavy quark velocity inside the bound states. For ground
state bottomonium v2 ≃ 0.1 and for bottom quark mass mb ≃ 5 GeV we get tform > 0.5
fm. This is not too different from the time scale of formation of the deconfined thermalized
medium assumed in hydrodynamics simulations. So there is no clear separation between
bound state formation and the formation time scale of the hot medium. Since Υ(1S) will
have a thermal width in the deconfined medium it will be dissociated. The b and b¯ emerging
from the dissociation will remain correlated, however. This correlated pair is described by
Langevin dynamics. If the correlation between the b quark and anti-quark persists, there is
a possibility that the bb¯ pair will form Υ(1S) as well as the excited bottomonium states at
later stages, when the system cools down.
In this paper we apply the above idea to study bottomonium production in heavy ion
collisions. We couple the rate equation to the Langevin dynamics of bb¯ pair in the hot
medium and study their time evolution. The coupled equations might explain the observed
suppression pattern in a way similar to sequential melting: the quarks in the excited states
can diffuse farther away from each other than the quarks initially in a tightly bound ground
state, described initially with the rate equation.
II. THE COUPLED RATE AND LANGEVIN EQUATIONS FOR BOTTOMO-
NIUM
We assume that all bb¯ pairs are produced in the initial hard collisions. We also assume that
the system produced in heavy ion collisions is rapidly thermalized and the produced heavy
quark pairs immediately undergo multiple scatters in the medium. The hard production of
the bb¯ and their initial spectrum is calculated using PYTHIA 8.1 [17]. We use the default
valueMb = 4.5 GeV for the bottom quark mass in the simulations. It is well known that only
a small fraction of the produced heavy quark pairs makes quarkonium. In our exploratory
study we separate the initially produced bb¯ pairs in three different bins according to their
center of mass energy: E < 9.3GeV, 9.3GeV < E < 9.5GeV, and E > 9.5 GeV. This
binning is similar to the idea of color evaporation model for quarkonium production [18, 19].
We assume that bb¯ pairs in the first energy bin form Υ instantly, while the pairs in the third
bin correspond to the open beauty sector. The pairs in the second bin will be treated as
correlated pairs described by Langevin dynamics. We will study the dynamics of these pairs
in the hot medium as function of time and see up to which time scales the correlation persists.
Once the system produced in heavy ion collisions cools down sufficiently and hadronizes,
the remaining correlated pairs will form different bottomonium bound states.
To describe the dynamics of the correlated bb¯ pairs we use the Langevin dynamics of the
b (b¯) quark inside the bb¯ pair defined by Langevin equation
p˙i = −ηpi + ξi(t)−∇iV (x). (1)
Here ξ(t) is the random force from the medium acting on the b quark and V (x) is the
potential between the b quark and the anti-quark. The random force satisfies the condition
〈ξi(t)ξj(t′)〉 = κδijδ(t − t′). The coefficient κ and the drag coefficient η are related to each
other and to the diffusion constant D in coordinate space:
η =
κ
2MT
, D =
T
Mη
=
2T 2
κ
. (2)
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FIG. 1. The distribution of bb¯ pairs in pp collisions and in heavy ion collisions in center of mass
energy. It is assumed that the medium has a fixed temperature (here T = 200 MeV). Results for
different life times of the deconfined medium are shown as well for scenarios when the feed-down
is included or the quark anti-quark potential is turned off.
Roughly speaking the diffusion constant D corresponds to the mean free path of light degrees
of freedom in the deconfined medium. In the weak coupling limit it scales like D ∼ 1/(g4T )
and thus could be quite large [10]. The mean free path of the heavy quark is always larger
than for the light degrees of freedom and scales like D ·M/T . In the strong coupling limit
the diffusion constant D is small, D · 2piT ≃ 1 [20]. We assume that the formed deconfined
medium is strongly coupled and choose 2piTD = 1.5. The use of Langevin dynamics for the
quark anti-quark pair can be justified if the binding energy is small [21].
We need to specify the quark anti-quark potential. At zero temperature it is well known
and can be parameterized by the Cornell form. We use the parameterization of the Cornell
potential based on lattice QCD calculations [22]. The potential at non-zero temperature is
not known well, although there are ongoing attempts to calculate it on the lattice [23, 24].
Therefore, for V we choose the so-called maximally binding potential [25]. It is constructed
in the following way. At distances r < rscr(T ) it coincides with the T = 0 Cornell form, while
for r > rscr(T ) it is simply equal to constant V∞(T ). Here rscr(T ) is the screening radius
which is chosen to be 0.8/T because the lattice QCD calculations show that the singlet
free energy is exponentially screened for r > 0.8/T [26]. Requiring that the potential is
continuous at r = rscr(T ) we fix the value of V∞(T ). This completely specifies the potential.
Since the Υ(1S) state is tightly bound it may exist as a bound state even at the highest
temperatures that can be achieved in heavy ion collisions and form early. Therefore, we
will treat the 1S bottomonium as a distinct particle that exists in the deconfined medium.
4
Since the 1S bottomonium has a thermal width it will be dissociated in the medium and
the number of these particles at each point of time is determined by rate equation
dNΥ
dt
= −Γ(T )NΥ. (3)
The thermal width Γ(T ) was calculated in the weak coupling approach for bound states of
infinitely heavy quarks [27] and for realistic values of the strong coupling constant corre-
sponds Γ(T ) ∼ 0.1T . Calculations have been extended to finite quark mass [28–30]; one
gets similar numerical values for Γ. Since the highest temperature considered in our study
is T = 400 MeV we will use Γ = 40 MeV for the thermal width. Since the validity of
weak coupling calculations is not clear, especially close to Tc in addition we also performed
calculations with a larger width of Γ = 200 MeV. This value of the width, which is typical
hadronic width was used also at lower temperature of T = 200 MeV. Once the 1S bottomo-
nium is dissolved, the resulting bb¯ pairs is counted as a correlated pair since the relative
energy of the quark and anti-quark is small. Thus, we have feed-down from bottomonium
sector to the sector of correlated bb¯ pairs.
With this model we study the bottomonium formation in deconfined medium assuming
that it has a constant temperature. First, we study how the distribution of bb¯ pairs in the
energy is affected by the medium. Our findings are shown in Fig. 1. We see that the
distribution increases monotonically with increasing energy in the studied energy range in
the proton-proton (pp) collisions, and eventually reaching a maximum. The presence of
the medium modifies the initial distribution significantly: the distribution has a clear peak
around E = 10 GeV already at t = 5fm/c. The distribution changes very slowly in time,
the shape of the distribution remains the same around the peak, only the high energy tail
changes. This appears as a change of normalization of the distribution around the peak.
We also included the feed-down from 1S bottomonium in the calculations but this does
not change the distribution in any visible way (c.f. Fig. 1). The presence of the potential
between the quark and anti-quark on the other hand has a huge effect on the distribution
as can be seen from Fig. 1. In absence of the potential the peak of the distribution shifts
to much larger energies.
We could examine the evolution of correlated bb¯ pairs, defined as pairs with energy
9.3GeV < E < 9.5GeV with the time. This is shown in Fig. 2. An interesting feature seen
in the figure is the spike at small times. This spike is due to the fact that the dissociation
of the 1S bottomonium states leads to an increase in the correlated bb¯ pairs. The evolution
of the correlated bb¯ pairs strongly depends on the presence and shape of the potential. We
consider evolution scenarios, where the potential is turned off or is very short range, namely
we assume that rscr = 0.2/T . In both cases the fraction of correlated pairs decreases rapidly
with time. If the potential is present the fraction of correlated bb¯ pairs decreases very slowly
with time. For example if the deconfined medium lives for 10 fm the fraction of correlated
pairs is reduced only by factor of two assuming a temperature T = 200 MeV. While at early
times the coupling to rate equation has a significant effect at later time this coupling has
essentially no effect. This can be seen in Fig. 2 for the case T = 200 MeV. In other words,
the observed bottomonium yields in heavy ion collisions will not depend on the assumption
of whether the 1S state is formed early or after the medium is thermalized.
It is also useful to study the distribution of the correlated bb¯ pairs as a function of the
relative distance between the quarks, especially when one wants to study bottomonium
bound state formation from the correlated bb¯ pairs. This distribution will determine the
probability that a given bound state is formed from the correlated pair. The distribution
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FIG. 2. The fraction of correlated bb¯ pairs as function of life-time of the deconfined medium.
Different lines show the effect of feed-down from 1S bottomonium states for different thermal
width and the presence of or the shape of the quark anti-quark potential. Results are shown for
two different temperatures of the deconfined medium, T = 200 MeV and T = 400 MeV.
of bb¯ pairs as a function of the relative distance is shown in Fig. 3 for different times.
While the distribution changes with increasing time its shape is almost unaffected. It is the
overall magnitude of the distribution that is decreasing, reflecting the fact the total number
of correlated bb¯ pairs is decreasing with time, while the number of uncorrelated pairs is
increasing. This feature was first noticed for charm quarks [14]. The most prominent
feature of the distribution is that it has a peak at small distances and the width of this
peak is about 0.25 fm. There is also a long tail for large relative distances. The shape
of the distribution implies that if the system would cool down rapidly to a temperature
where various bottomonium states could form the correlated bb¯ pairs would mostly form 1S
state rather than excited bottomonium states since the size of 1S state is about 0.25 fm.
We see a sequntial formation pattern: smaller bottomonium ground state is more likely to
be formed than larger excited bottomonium states. Therefore, the stronger suppression of
Υ(2S) relative to Υ(1S) in heavy ion collisions observed by CMS is not necessarily related
to sequential melting of bottomonium states.
III. CONCLUSIONS
In this paper we considered bottomonium formation in hot deconfined medium that may
be produced in relativistic heavy ion collisions using Langevin dynamics for correlated bb¯
pairs coupled to rate equation for 1S bottomonium. We showed that a large fraction of
quark anti-quark pairs that were correlated during the initial hard production will remain
correlated in the hot medium for rather long time of about 5− 10 fm/c. This is the typical
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FIG. 3. The distribution of the correlated bb¯ pairs as function of the relative distance between the
quark and and anti-quark for a deconfined medium at T = 200 MeV. The wiggles in the figure are
due to limited statistics.
life-time of the system created in heavy ion collisions. We studied in detail the sensitivity
of these correlation to the form of the quark anti-quark potential. The distribution of the
correlated bb¯ pair in relative distance is such, that it will dominantly form 1S bottomonium.
This may explain the suppression of the relative yield of Υ(2S)/Υ(1S) observed by CMS
without invoking the idea of sequential suppression; one could say that there is a sequential
pattern of bottomonium formation according to their size.
Our discussion was quite simplified as we studied production in a static medium. It is
relatively straightforward to extend this approach to expanding realistic medium as it was
done in the case of charmonium [16]. We plan to do so in the near future using the same
framework as in Ref. [16]. However, there are many theoretical problems that need to
be resolved. The Langevin dynamics is purely classical and ignores quantum effects. As
long as the binding energy is very small neglecting quantum effects may not be too bad
of an approximation. But as the temperature decreases binding force between the quark
anti-quark becomes stronger and quantum effects will be essential. There have been several
suggestions on how to incorporate quantum effects in the dynamics of correlated heavy quark
anti-quark pair [31–37] Furthermore, close to the transition temperature non-perturbative
effects will become important, so the effective field theory approach needs to be generalized
to strong coupling and the potential will have to be calculated on the lattice. In the vicinity
of the transition temperature various bound states, including excited bottomonium states
[38] and open heavy flavor hadrons [39] may exist, which will influence the chemistry of
bottomonium production. In this region the simple Langevin dynamics will not be sufficient
and a coupled set of equations will have to be considered. However, even at early stages
of the dynamics refinements will be necessary. We assumed a fixed mass for b quark in
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PHYTIA calculations as well as in the Langevin dynamics. This mass should be matched
to the constituent bottom quark mass or the pole mass and eventually to the in-medium
temperature dependent bottom quark mass. This may effect the energy distribution of the
produced bb¯ pair significantly. Such tuning of the bottom quark mass will be essential to
define energy bins that give correct yields in pp collisions and correspond to the fractions of
bb¯ pairs that produce bottomonium in color evaporation model.
It is clear that the problem of bottomonium production in heavy ion collisions is highly
non-trivial and requires lots of further work before meaningful comparison between theory
and experiment could be done.
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